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A B S T R A C T   

Clonal anergy and depletion of antigen-specific CD8+ T cells are characteristics of immunosuppressed patients 
such as cancer and post-transplant patients. This has promoted translational research on the adoptive transfer of 
T cells to restore the antigen-specific cellular immunity in these patients. In the present work, we compared the 
capability of PBMCs and two types of mature monocyte-derived DCs (moDCs) to prime and to expand ex-vivo 
antigen-specific CD8+ T cells using culture conditioned media supplemented with IL-7, IL-15, and IL-21. The 
data obtained suggest that protocols involving moDCs are as efficient as PBMCs-based cultures in expanding 
antigen-specific CD8+ T cell to ELA and CMV model epitopes. These three gamma common chain cytokines 
promote the expansion of naïve-like and central memory CD8+ T cells in PBMCs-based cultures and the 
expansion of effector memory T cells when moDCs were used. Our results provide new insights into the use of 
media supplemented with IL-7, IL-15, and IL-21 for the in-vitro expansion of early-differentiated antigen-specific 
CD8+ T cells for immunotherapy purposes.   

1. Introduction 

The immune system is a complex set of cells, organized into tissues 
and molecules that protect the host from infection by pathogens, 
abnormal cell growth, and the development of autoimmune diseases. 
Within this system, dendritic cells (DCs) play a central role in the 
communication between the innate and adaptive immune responses. 
DCs reside in different tissues where they act as sentinels capturing and 
processing antigens that are subsequently presented in the context of 
MHC class I and II molecules to T lymphocytes inducing their activation, 
differentiation, and expansion, a key step for the acquisition of antigen- 
specific cellular immunity [1–3]. 

Cancer is one of the non-communicable diseases causing the highest 
morbidity and mortality in the world and generating a high economic 

impact on health systems. The increase in the incidence of both solid and 
hematological tumors poses a serious global public health problem. In 
addition, there is a lack of evidence to allow early diagnosis of most 
tumor diseases and, therefore, the prognosis in advanced stages is usu
ally quite poor. In these stages, conventional cancer treatments such as 
surgery, chemotherapy and radiotherapy do not have the necessary 
therapeutic scope to control the tumor. In turn, infections caused by 
latent and lytic viruses like Cytomegalovirus (CMV), Epstein-Barr virus 
(EBV), and Adenovirus (Adv) are the main cause of morbidity and 
mortality in post-transplant immunosuppressed patients [4,5]. To 
address this, in the last thirty years, research has focused on two ap
proaches: (i) the adoptive transfer of antigen-specific T cells after the in- 
vitro expansion of autologous T cells from the circulating lymphocyte 
pool (either PBMCs or enriched CD8+ T-cell preparations) using 
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Contents lists available at ScienceDirect 

Cellular Immunology 

journal homepage: www.elsevier.com/locate/ycimm 

https://doi.org/10.1016/j.cellimm.2020.104257 
Received 8 May 2020; Received in revised form 17 November 2020; Accepted 2 December 2020   

mailto:jachamucerom@unal.edu.co
mailto:caparral@unal.edu.co
www.sciencedirect.com/science/journal/00088749
https://www.elsevier.com/locate/ycimm
https://doi.org/10.1016/j.cellimm.2020.104257
https://doi.org/10.1016/j.cellimm.2020.104257
https://doi.org/10.1016/j.cellimm.2020.104257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellimm.2020.104257&domain=pdf


Cellular Immunology 360 (2021) 104257

2

professional antigen-presenting cells (natural or artificial DCs) and (ii) 
the use of DCs-based vaccines that induce activation and in-vivo 
expansion of antigen-specific T cells. 

Even though DCs-based vaccines have led to the induction of 
measurable antigen-specific CTL response in vaccinated individuals, the 
magnitude of T cell induction is limited and its impact on tumor pro
gression is not as strong as needed. Adoptive cell transfer (ACT) of 
antigen-specific CTLs is a promising approach to increase anti-tumor 
and anti-viral immunological responses in cancer and post-transplant 
patients [6–8]. The evidence indicates that such therapy is feasible, 
safe and well-tolerated and offers an alternative to conventional treat
ments. Although some clinical trials have shown that ACT induces tumor 
regression in cancer patients or the control of viral agents in high-risk 
transplant recipients, there are still many questions to be answered to 
establish a standard protocol that can be widely applied in the clinical 
settings. 

The protocols widely used for over thirty years have the ability to 
expand antigen-specific CD8+ T cells with a highly differentiated 
phenotype (CD27lowCD28-). In 2011, Gattinoni et al. described a subtype 
of T cells called stem cell-like memory T cells (TSCM) identifiable by the 
expression of the markers CD45RA+CCR7+CD27+CD28+CD62L+ typical 
of naïve T cells but also expressing CD95 and the beta receptor of IL-2 in 
a similar way to conventional memory T cells [9]. One of the greatest 
challenges of ACT is to obtain enough numbers of early-differentiated T 
cell populations (TSCM and TCM) to infuse into the patient. Both pop
ulations (TSCM and TCM) circulate between the lymphoid nodes and have 
a high capacity for expansion after activation; in contrast, more differ
entiated populations such as effector or memory effector cells migrate 
into the tissues and respond immediately to the antigen, but do not 
survive over time because of their limited capacity for self-renewal 
[10–13]. To expand antigen-specific CD8+ T cells suitable for ACT, 
distinct ex-vivo culture conditions using a variety of APCs, cytokines, and 
the starting cells are being evaluated. Studies to date have found that the 
homeostatic control of TSCM depends on the cytokines IL-7, IL-15, and IL- 
21 of the common gamma chain family [14–16], therefore, their use in 
the preparedness of T cells for ACT is very attractive. 

Here, we have deepened the study of culture conditions for the in- 
vitro expansion of CD8+ T cells with early-differentiated memory 
phenotype and low levels of exhaustion markers available for ACT. To 
expand antigen-specific CD8+ T cells, we compared a 10 days long 
culture system based on CD8+ T cells activated by either standard DCs 
(stDCs) or α-type 1 polarized DCs (α1DCs) pulsed with peptide, Vs. 
PBMCs pulsed with a single round of peptide stimulation. The culture 
media was supplemented with IL-21 during the first 72 h of priming and 
later with three doses of IL7 and IL-15 or IL-2. Using MHC class I/peptide 
fluorescent multimers, we have analyzed in detail the influence of the 
starting cells (enriched-CD8+ T cells Vs. PBMCs), the usefulness of 
moDCs as APCs and cytokines for the in-vitro expansion of CD8+ T cells 
from healthy donors with naïve or antigen-experienced phenotype 
specific for two model antigens: Melan-A/Mart-126-35A27L and CMV 
pp65495-503. 

2. Materials and methods 

2.1. Reagents 

Fluorescent-labelled antibodies specific for CD80, CD83, CD54, CD8, 
CD45RA, CCR7, CXCR3, CD69, 41BB, PD-1, CTLA-4 and KLRG-1 were 
obtained from BioLegend. Biotinylated HLA-A*02:01 tetramers were 
synthesized at the Lawrence Stern Laboratory, University of Massachu
setts Medical school by CP, and then were labeled with streptavidin- 
Phycoerythrin (PE) (Invitrogen) at a 4:1 M ratio before use. PE-labelled 
HLA-A2/peptide tetramers were also purchased from MHC Tetramer 
Core, Baylor College of Medicine, Houston, USA. Cytokine secretion (IL- 
12p70) was measured in the culture supernatants using the human In
flammatory CBA kit (BD Biosciences). The Melan-A/Mart-126-35A27L 

(ELAGIGILTV) and CMV pp65495-503 (NLVPMVATV) peptides were 
generated through solid-phase peptide synthesis (21st Century Bio
chemicals, Inc, Marlborough, Massachusetts, USA). Lyophilized peptides 
were reconstituted first in 1% DMSO (v/v) and then we completed the 
volume with water for a final concentration of 1 mg/mL. The samples 
were acquired using the FACS Aria III System at the Universidad 
Nacional de Colombia - School of Medicine. The flow cytometry data 
was exported in FCS format v3 and analyzed using FlowJo software 
(TreeStar Inc.). The graphics were generated using Prism v8 software 
(Graph Pad). 

2.2. Donors and cells 

Buffy coat from 10 healthy donors (5 male and 5 female between 18 
and 45 years old without oncologic, autoimmune or recent infectious 
diseases) was obtained from whole blood samples that were collected by 
the blood bank of the District Institute of Science, Biotechnology and 
Innovation in Health (IDCBIS) and who generously donated them for the 
purposes of this study. The units were subjected to HLA-A2 typing by 
flow cytometry and then HLA-A*02:01 haplotype was confirmed by 
high-resolution HLA-A typing (Exons 2 and 3) by Histogenetics LLC. 
PBMCs were purified using density gradient Ficoll and cryo-preserved in 
RPMI-1640 + 40% fetal calf serum (FCS) + 10% dimethyl sulfoxide 
(DMSO). The frequencies of ex-vivo Melan-A/Mart-126-35A27L and CMV 
pp65495-503 multimer positive CD8+ T cells were determined for each 
donor. Each experiment was performed with the cells from each donor 
and some comparative experiments was performed with the same do
nors’ cells. We specify this in each chart. 

2.3. CTL generation – Peptide stimulation of PBMCs 

2.3.1. PBMCs stimulation 
4 × 106 fresh/frozen PBMCs were resuspended in CTL media (AIM-V 

with 5% human AB serum (v/v)) alone or pulsed with peptide at a 
concentration of 20 µg/mL and supplemented with cytokines (as out
lined below). Each treatment (Mart1 or CMVpp65) was evaluated 
separately. Cells were plated out in a 96-well round-bottomed plate (5 ×
105/well). Media and cytokines were replenished on days 3, 5 and 7. On 
day 10 CTLs were harvested and used for phenotypic studies. 

2.3.2. Cytokines for promoting CTL activation and expansion 
We compared three conditions; (i) no cytokines, (ii) IL-21 (30 ng/ 

mL) at day 0 + IL-7 and IL-15 (5 ng/mL) on days 3 and 5 and IL-7 and IL- 
15 (10 ng/mL) on day 7, and (iii) IL-21 (30 ng/mL) at day 0 + IL-2 (100 
U/mL) on days 3, 5 and 7. All cytokines were purchased from CellGenix, 
Portsmouth, New Hampshire, USA. 

2.4. CTL generation using peptide-pulsed moDCs 

2.4.1. Generation of dendritic cells 
Mature-monocyte-derived dendritic cells (moDCs) were generated 

from frozen PBMCs, as described previously [17]. Briefly, autologous 
dendritic cells were prepared from the adherent monocyte fraction by 
culture for 2 days in DC media (AIM-V with 1% human AB serum (v/v)) 
with IL-4 (40 U/mL) and GM-CSF (800 U/mL) and for another 24 h with 
IL-4 (40 U/mL) and GM-CSF (1600 U/mL). To continue our research 
project, iDCs were matured using two different cocktails: (i) the standard 
cocktail, containing IL-6 (1000 U/mL), IL-1β (10 ng/mL), TNFα (10 ng/ 
mL) (all from CellGenix) and PGE2 (1 μg/mL, Sigma-Aldrich) for 16–24 
h; or the α-type 1 polarized cocktail, containing IL-6 (1000 U/mL), IL-1β 
(10 ng/mL), TNFα (10 ng/mL) (all from CellGenix), IFNγ (100 U/mL, 
R&D Systems), IFNα (1000 U/mL, Intron-A; Schering Plough Corp., 
Kenilworth, NJ) and Poly I:C (20 μg/mL, Sigma-Aldrich) for 16–24 h. A 
third maturation cocktail, the LPS cocktail containing IFNγ (100 U/mL, 
R&D Systems) and LPS (10 ng/mL) was used to standardize a four-day 
maturation protocol instead the classic seven-day maturation protocol. 
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LPS-DCs were not used in all the experiments settings. The mature 
phenotype was evaluated by flow cytometry quantifying the expression 
levels of CD80, CD83 and CD54. 

2.4.2. CD8+ T-cell enrichment 
CD8+ T lymphocytes were purified from PBMCs by negative selec

tion by depletion of non-target magnetically labeled cells (Miltenyi 
Biotec, Bergisch Gladbach, Germany). Naïve CD8+ T (TN) lymphocytes 
were purified from PBMCs by negative selection using the EasySepTM 

Human naïve CD8+ T Cell Isolation Kit according to the manufacturer’s 
instructions (StemCell Technologies, Seattle, WA, USA). The purity of 
enrichment fraction was confirmed by flow cytometry using fluorescent- 
labeled antibodies specific for CD45RA and CCR7. 

2.4.3. CD8 T-cell activation 
Once obtained, pulsed or unpulsed moDCs were cocultured with 

autologous-enriched CD8+ T lymphocytes in a ratio of 4:1 (T cells: 
moDCs). Cells were plated out in a 48-well plate (5 × 105 enriched T 
cells per well in 500 µL of CTL media). Media and cytokines were 
replenished on days 3, 5 and 7. On day 10 CTLs were harvested and used 
for phenotypic studies. 

2.4.4. Cytokines for promoting CTL activation and expansion 
IL-21 (30 ng/mL) was added to the cell mixture on day 0. IL-7 and IL- 

15 were used at a concentration of 5 ng/mL on days 3 and 5, and at 10 
ng/mL on day 7. All cytokines were purchased from CellGenix, Ports
mouth, New Hampshire, USA. 

2.5. Phenotype and functional analysis 

2.5.1. Tetramer and surface antibodies staining 
At the end of the expansion cultures, cells were harvested, washed 

once with phosphate-buffered saline (PBS) (Sigma), pelleted, and 
stained with specific PE-tetramers. After 1 h at room temperature in the 
dark cells were surface-stained with monoclonal antibodies to CD8, 
CD45RA, CCR7, CD69, 41BB, PD-1, CTLA-4 and KLRG-1. After 20 min at 
4 ◦C in the dark, cells were washed twice and analyzed. 

2.5.2. Identification of Memory T cell populations 
The different memory T cell populations were determined by the 

surface expression of CD45RA and CCR7 markers: TN 
(CD45RA+CCR7+), TCM (CD45RA-CCR7+), TEM (CD45RA-CCR7-) and 
TEMRA (CD45RA+CCR7-). TSCM was defined by the expression of the 
additional marker CXCR3 (CD45RA+CCR7+CXCR3+). 

2.5.3. Functional analysis of moDCs 
To evaluate the functional capacity of moDCs activating T cells, we 

coculture Melan-A/Mart-126-35A27L-specific CD8+ T cells (kindly pro
vided by Dr. P. Romero, Ludwig Institute for Cancer Research, Lausanne, 
Switzerland) with both peptide-pulsed and unpulsed α1DCs and stDCs. 
After 48 h CD8+ T cells were harvested and stained with fluorescent- 
labeled antibodies specific for CD69 and 41BB as activation markers. 
IL-12p70 production was evaluated by CBA (BD Biosciences) in the su
pernatant of cell cultures. 

2.6. Statistical analysis 

Results were evaluated using descriptive statistics (means, SDs, and 
ranges). Since most of the readouts did not present a normal distribu
tion, non-parametric tests were applied. The student’s t test was per
formed for comparison of the percentage of expansion of tetramer- 
specific CD8+ T cells between stimulated and unstimulated groups. 
Differences between three or more groups were analyzed with One-way 
ANOVA with Kruskal-Wallis test. Two-way ANOVA was performed for 
comparison of TN and TSCM between treatment groups. Statistical ana
lyses were done using GraphPad Prism version 8.0 (GraphPad software, 

La Jolla, CA). Comparisons determined to be p > 0.05 but > 0.01 were 
labelled *, p ≤ 0.01 but > 0.001**, p ≤ 0.011 but > 0.0001***, and p ≤
0.0001****. ns = not significant. 

3. Results 

3.1. α1DCs have similar maturation phenotype to stDCs with increased 
production of IL12p70 

Based on the work of Wölfl and Greenberg, we first obtained moDCs 
through the plastic-adherence method using a four-day long 
intermediate-term protocol. This moDCs showed an increased expres
sion of CD80, CD83 and CD54 markers reflecting a characteristic mature 
phenotype (n = 6) (Fig. 1a – b; Supplementary Fig S1a). The mature 
phenotype exhibited by four-day moDCs is similar to moDCs obtained in 
protocols of two and seven days (based on previous studies of our and 
other groups). As previously reported, we confirmed the IL12p70 pro
duction by α1DCs and LPS-DCs but not by stDCs (Fig. 1c; Supplementary 
Fig S1b). Then we performed a simple but practical assay to evaluate the 
functional capacity of moDCs. We co-cultured peptide-pulsed or non- 
pulsed α1DCs and stDCs with purified CD8+ T cells clones specific for 
Melan-A/Mart-126-35A27L and confirmed the proficiency as antigen- 
presenting cells of both types of DCs by assessing the expression of the 
surface activation markers CD69 and 41BB on these CD8+ T cells upon 
activation. (Supplementary Fig S2). 

3.2. Peptide-stimulated PBMCs and peptide pulsed moDCs as APCs drive 
strong expansion of both naïve and antigen-experienced CD8+ T cells 

Even though mature DCs may be particularly efficient in expanding T 
cells in-vitro, the process to obtain them is complex and wasteful. Some 
critical factors such the expertise needed to obtain them and the process 
to standardize the ratio of mDCs:T cells are involved. The above can be 
avoided by using the cellular subfraction of PBMCs that contains a va
riety of APCs such natural DCs, macrophages and B cells. That is the 
reason why in-vitro single-round or repeated stimulation of PBMCs with 
antigenic peptides remains a method of choice for the amplification of 
antigen-specific T cells. We first carried out a single round of PBMCs 
peptide stimulation in media supplemented with one dose of IL-21 fol
lowed by three doses of IL-7 and IL-15. A significant expansion of 
antigen-specific CD8+ T cells was attained after 10 days of culture. All 
donors showed a great expansion (0.086 ± 0.036% and 2.894 ± 2.143%; 
unstimulated and stimulated respectively) of T cells specific for the 
Melan-A/Mart-126-35A27L epitope and 2 of 5 donors showed a significant 
expansion (0.65 ± 0.50% and 1.54 ± 1.86%; unstimulated and stimu
lated respectively) for the CMV pp65495-503 epitope (n = 5) (Fig. 2a - b). 
To corroborate these results, PBMCs were stimulated or not with Melan- 
A/Mart-126-35A27L peptide, and then expanded without cytokines, or 
with media supplemented with (i) IL-21 (30 ng/mL) at day 0 + IL-7 and 
IL-15 (5 ng/mL) on days 3 and 5 and IL-7 and IL-15 (10 ng/mL) on day 7, 
or (ii) IL-2 (100 U/mL) (Fig. 3a). Cultures supplemented with IL-21 + IL- 
7 + IL-15 or IL-21 + IL-2 showed a significant expansion of antigen- 
specific CD8+ T cells (2.64 ± 1.73% and 8.61 ± 3.25% respectively). 
Cultures that were stimulated in the absence of cytokines did not expand 
(0.059 ± 0.016). No differences between both cytokine conditions were 
observed (Fig. 3b-c). These results suggest that both high variabilities of 
responsiveness among donors and different antigenic requirements be
tween non-primed naïve T cells and memory T cells (e.g., those specific 
for Melan-A/Mart-126-35A27L and for CMV pp65495-503 epitopes respec
tively) might be limiting factors for ACT. 

Melan-A and CMV pp65-specific CD8+ T cells were also stimulated 
with autologous moDCs loaded with peptide. In exploratory experi
ments, we found that the expansion of Melan-A-specific CD8+ T cell- 
driven by LPS-DCs was larger than that achieved in peptide-stimulated 
PBMCs cultures (8.10 ± 5.86% and 2.894 ± 2.143%; respectively) (n 
= 5) (Supplementary Fig. S3a). Taking into account the experience of 
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our group in the implementation of dendritic cell-based immunotherapy 
using α1DCs and stDCs for the treatment of breast cancer patients 
(Bernal-Estevez D. et al., manuscript in preparation), we evaluated the 
ability of these two types of moDCs to induce the expansion of Melan-A/ 
Mart-126-35A27L and CMV pp65495-503 antigen-specific T cells from 
enriched-CD8+ T cell samples (Fig. 4). Our results showed that although 
both types of maturation cocktails favor the expansion of antigen- 
specific CD8+ T cells, it is observed that α1DCs drive a higher degree 
of expansion for the Melan-A epitope than stDCs (2.41 ± 0.75% and 
1.035 ± 0.38%; α1DCs and stDCs respectively); whereas no difference 
between both moDCs was found for the CMV epitope (4.81 ± 3.79% and 
1.77 ± 0.61%%; α1DCs and stDCs respectively) (n = 4) (Fig. 5a – b). No 
differences between PBMCs and moDCs-based cultures in the overall 
expansion of T cells for the Melan-A epitope was observed, whereas 
moDCs were more efficient than PBMCs in fostering the expansion of T 
cells specific for the CMV pp65 epitope (PBMCs n = 5; moDCs n = 4) 
(Fig. 6). 

3.3. IL-21, IL-7, and IL-15 promote the expansion of antigen-specific 
CD8+ T cells with an early-differentiated memory phenotype 

Based on the very low or null numbers of the ex-vivo population of 
CD8+ T cells specific to Melan-A and CMVpp65 between donors, we 
hypothesize that the potential expansion of antigen-specific CD8+ T 
cells would come from the naïve repertoire. Considering that the rela
tionship between the T cell differentiation phenotype and the anti-tumor 
and anti-viral capacity of T cells has become an important issue, we 
compared the use of the common gamma chain cytokines IL-7, IL-15 and 
IL-21 that are known as cytokines that support naïve and memory T cell 
regeneration and proliferation for the antigen-driven expansion of naïve 
and memory CD8+ T cells versus the effect of IL-2. By examining the 
differential expression of CD45RA and CCR7, we compared the memory 
phenotype on Melan-A and CMV-specific CD8+ T cells emerging either 
from peptide-stimulated PBMCs or from CD8+ T cells cultured with 
antigen-pulsed moDCs. In a first set of experiments, we found that in 
cultures of peptide-stimulated PBMCs a single dose of IL-21 followed by 
relatively low doses of IL-7 in combination with IL-15, promotes the 

Fig. 1. Phenotypic and functional characteristics of four-day moDCs. a) Histograms representing the expression of maturation markers CD80, CD83, and CD54 
on immature dendritic cells (gray histogram), α1DCs (red line) and stDCs (blue line). Results of experiments presented are representative of four performed; b) scatter 
plot summarizing expression levels of maturation markers CD80, CD83 and CD54 between iDCs, α1DCs and stDCs (n = 6); c) scatter plot shown the supernatant 
quantification of IL-12p70 secreted by iDCs, α1DCs and stDCs. 

Fig. 2. Peptide-stimulated PBMCs drive the expansion of antigen-specific 
CD8þ T cells. a) Percentage of tetramer-positive CD8+ T cells expanded from 
PBMCs (donors 2–6) stimulated or unstimulated with Melan-A/Mart-126-35A27L 
epitope (left panel) and CMV pp65495-503 epitope (right panel); b) Represen
tative dot plots of tetramer specific CD8+ T cells after 10 days of in-vitro 
stimulation of PBMCs with the corresponding peptide. The number inside the 
plots represents the percentage of tetramer-specific CD8+ T cells. Results of 
experiments presented in panel b are representative of five performed (donors 2 
– 6). 
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expansion of antigen-specific CD8+ T cells with an early-differentiated 
phenotype (TN and TCM). This observation, though, depended upon on 
the nature of the antigen because whereas the Melan-A peptide T cells 
remains with a naïve-like phenotype (72.42 ± 11.53% TN and 27.50 ±
11.51% TCM), the T cells specific for CMV exhibit mostly a TCM differ
entiation phenotype and to a lesser extent a TEM phenotype (15.60 ±
4.10% TN, 64.25 ± 13.93% TCM and 18.90 ± 8.76% TEM) (n = 5) 
(Fig. 7a-b). These results were corroborated in a second set of experi
ments where we compared the effect of IL-2 after a single dose of IL-21 in 
the final phenotype of the antigen-specific CD8+ T cells expanded. 
Whereas the combination of IL-21 + IL-7 + 15 promotes the expansion 
of CD8+ T cells with a predominant TSCM phenotype, IL-21 + IL-2 induce 
the differentiation of these cells towards a terminal effector phenotype 

(TEMRA) (Fig. 7c-d). In contrast, regardless of the antigen source (tu
moral or viral), we found that compared to peptide-stimulated PBMCs, 
the use of moDCs as APCs in media supplemented with IL-21 + IL-7 + 15 
promotes the expansion of antigen-specific CD8+ T cells with a pre
dominant TEM phenotype (whereas 76.50 ± 18.26%, 80.72 ± 10.35% 
and 76.27 ± 4.71% of the CD8+ T cells specific for the Melan-A epítope 
displayed a TEM phenotype when stimulated with LPS, α1DCs, and stDCs 
respectively; 93.02 ± 5.33% and 84.81 ± 8.84% of CMV specific T cells 
displayed a TEM phenotype when CD8+ T cells were stimulated with 
α1DCs and stDCs respectively) (n = 4) (Fig. 7e – f. Supplementary Fig 
S3b-c). Despite stDCs drive a less vigorous expansion of antigen-specific 
T cells, we observed that these cells tend to display an early- 
differentiation state compared to cells expanded in the presence of 
α1DCs (Fig. 7e, ELA panel). Even though this difference was not statis
tically significant, we decided to study more in depth this observation 
priming naïve-enriched CD8+ T cells with both α1DCs and stDCs and 
observed that starting from naïve T cells, the percentage of CMV pp65- 
specific CD8+ T cells with an early-differentiated phenotype was higher 
with stDCs than with α1DCs (Supplementary Fig. S4a - b). This obser
vation is intriguing, however, this experiment was carried out on a 
single donor, so it is required to increase the sample to reach more 
definitive conclusions. 

3.4. α1DCs and stDCs promote the expansion of non-exhausted Melan-A- 
specific CD8+ T cells 

A rapid and strong expansion of T cells may jeopardize the integrity 
of T cells making them susceptible to stimulation-induced cell death. 
The PD-1, CTLA-4, and KLRG-1 molecules are T cell membrane co- 
receptors that orchestrate inhibitory signaling pathways impairing the 
survival and the effector functions of CD8+ T cells. To characterize the 
senescence/exhaustion phenotype of antigen-specific CD8+ T cells 
expanded in-vitro, we analyzed the expression of PD-1, CTLA-4, and 
KLRG-1 markers in different cell subpopulations after their expansion 
with peptide-pulsed-α1DCs and -stDCs. This analysis revealed that TEM 
and TEMRA subsets of Melan-A/Mart-126-35A27L-specific CD8+ T cells 
primed in the presence of IL-21 followed by repeated doses of IL-7 and 
IL-15 in a short 10 days culture exhibited a predominant triple-negative 
phenotype (PD-1-CTLA-4-KLRG-1-) (63.11 ± 9.34% and 12.20 ± 8.80%; 
TEM and TEMRA respectively), and a PD-1+ TEM phenotype (17.86 ±
5.86%) with no significant difference in the expansion of these pop
ulations elicited by the two types of moDCs evaluated (n = 4) (Fig. 8). 

Fig. 3. Growth-promoting cytokines 
enhance the expansion of antigen-specific 
CD8þ T cells. a) Experimental outline with 
PBMCs: PBMCs were pulsed or not with 
peptide on day 0 and IL-21 was added to 
conditions 2 (C2) and 3 (C3). After 72 h fresh 
medium supplemented with IL-7 + 15 was 
added to C2 and with IL-2 to C3. MHC- 
multimer staining and phenotype analysis 
was performed on day 10. b) Percentage of 
tetramer-positive CD8+ T cells expanded 
from PBMCs stimulated or unstimulated with 
Melan-A/Mart-126-35A27L epitope in the 
presence of IL-21 + IL-7 + 15, IL-21 + IL-2 or 
without exogenous cytokines; c) Cell expan
sion of tetramer specific CD8+ T cells after 
10 days of in-vitro stimulation of PBMCs with 
Melan-A/Mart-126-35A27L epitope in media 
supplemented with or without different Th1, 
proliferative and prosurvival cytokines. n =
3, (donors 1–3).   

Fig. 4. Workflow of rapid expansion of antigen-reactive CTLs using 
moDCs. Start with monocyte isolation and DCs derivation on day − 4 of co- 
culture, followed by CD8+ T cell isolation on day − 1 of co-culture. Initiation 
of co-culture of peptide-pulsed or unpulsed DCs with CD8+ T cells is termed 
day 0. Cytokines and fresh medium are added on days 3, 5, and 7. After 10 days 
of expansion, antigen-reactive CTLs are analyzed. 
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4. Discussion 

The immune system has the capacity to discriminate between self 
and non-self-antigens and to eliminate damaged cells and therefore has 
the potential to eradicate tumor cells that express mutated antigens or 
self-antigens with aberrant expression [18]. To avoid their elimination 
by the immune system, tumors not only acquire the ability to be un
recognized but also generate an immunosuppressive tumor microenvi
ronment [19,20]. Therefore, at the end of the 20th century, different 
strategies of immunotherapy have been explored to reactivate the im
mune system for the control of cancer [21–23]. One type of widely used 
immunotherapy is the use of DCs for in-vitro or in-vivo expansion of 
antigen-specific CD4+/CD8+ T-cells for the eradication of tumor cells 
and for the treatment of infectious diseases in immunosuppressed pa
tients [24]. The most used protocol for obtaining DCs is their differen
tiation from monocytes using GM-CSF and IL-4 followed by their 
maturation by multiple stimuli [25–27]. 

Here we evaluated three maturation cocktails: (i) type I alpha 
cocktail (α1DCs) consisting of IL-6, IL-1β, IFNα, IFNγ, TNFα and a TLR-3- 
dsRNA synthetic analogue; (ii) standard cocktail (stDCs) containing IL-6, 
IL-1β, TNFα, and PGE2; and (iii) a cocktail that contains IFNγ and LPS 
(LPS-DCs). The three types of moDCs obtained reveal morphological and 
phenotypical changes. On one hand, a transition from a stellate 
morphology characteristic of immature states to a predominantly veli
form one was observed in moDCs (data not shown); as well as the 
increased expression of CD80, CD83 and CD54. Taking into account 
these morphological and phenotypic findings, it can be asserted that the 
four-day protocol implemented to obtain moDCs is comparable to the so- 

called two-day fast-DCs and those elicited after the conventional 7-day 
long culture reported previously [28,29]. However, even though no 
statistically significant differences in the expression of these markers 
were found between the moDCs derived with these cocktails, the 
decrease in the concentration of IL-4 and IFNγ [17], used in our study, 
seems not to affect neither the maturation process nor the functional 
capacity of the moDCs compared to those conventional moDCs cultured 
with these two cytokines with standard concentrations. Considering 
these findings and the controversial results in previous studies, it is 
necessary to assess these clinical-grade DCs-maturation cocktails using 
the same cytokines at lower concentrations and MPLA (Monophosphoryl 
Lipid A) instead of LPS with the aim of reducing the production costs of 
dendritic cells for immunotherapy purposes. 

In recent years, our group has focused its work on the production of 
two days derived moDCs for the vaccination of breast cancer patients in 
neoadjuvant chemotherapy [30,31]. To improve the manufacturing 
protocols and to extend the range of possibilities of DCs in the field of 
immunotherapy, here we compare the effectiveness of α1DCs and stDCs 
versus peptide-stimulated PBMCs to expand antigen-specific CD8+ T 
cells. According to the literature, α1DCs have a greater capacity to 
expand antigen-specific T cells than stDCs in total cell numbers [32–39], 
and the CD8+ T cells expanded by α1DCs perhaps exhibit a cytotoxic 
phenotype prompted by the high levels of IL-12p70 produced by these 
DCs. Nevertheless, overall stDCs showed the greatest expansion of CMV 
pp65 antigen-specific CD8+ T cells (Fig. 5a-b). Although PGE2 added to 
the proinflammatory cytokine mixture in the standard cocktail accel
erates the maturation of DCs increasing the expression of co-stimulatory 
molecules and their ability to migrate to lymph nodes, it is also known 
that PGE2 generates an exhausted-DC phenotype compared with DCs 
obtained with alternative maturation cocktails like α1DCs or LPS-DCs. 
The exhausted phenotype of stDCs suppresses the production of proin
flammatory cytokines critical for T cell activation such as IL-12p70 and 
increases the release of several suppressive factors such as IL-10 and IDO 
with the subsequent promotion of Th2 responses [33,40–44]. While the 
net effect of stDCs is their ability to promote antigen-specific T cell 
expansion, several clinical and laboratory trials conclude that replacing 
PGE2 with other factors to drive DC maturation improves the immu
nogenic and antitumor effectiveness of vaccines developed under this 
approach [26,45]. 

In this work is evident that moDCs induce the expansion of antigen- 
specific CD8+ T cells either from total CD8+ T cells or naïve CD8+ T 
cell-enriched fractions, a remarkable benefit to be taken into account for 
the development of immunotherapy strategies that relies on the in-vitro 
expansion of T cells specific for viral and tumor antigens either from 
healthy donors or from patient sources. But our group also confirmed the 
feasibility of expanding antigen-specific CD8+ T cells from peptide- 

Fig. 5. moDCs drive the expansion of 
antigen-specific CD8þ T cells. a) Percent
age of tetramer-positive CD8+ T cells stain
ing for the Melan-A/Mart-126-35A27L 
(ELAGIGILTV) and the CMV pp65495-503 
(NLVPMVATV) epitopes after 10 days of in- 
vitro stimulation of enriched-CD8+ T cells 
with the corresponding peptide-pulsed 
α1DCs and stDCs; b) Representative dot 
plots of tetramer-specific CD8+ T cells 
showed in panel a. The number inside the 
plots represents the percentage of tetramer- 
specific CD8+ T cells. Results of experi
ments presented in panel b are representative 
of four performed (donors 1–4).   

Fig. 6. PBMCs-based cultures are as efficient as moDCs to expand antigen- 
specific CD8þ T cells. Expansion grade of antigen-specific CD8+ T cells from 
stimulated PBMCs versus moDCs-based cultures. No differences between using 
moDCs or PBMCs were found for the Melan-A/Mart-126-35A27L epitope. moDCs 
has a greater capacity expansion than PBMCs-based cultures for the CMV 
pp65495-503 epitope. 
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pulsed PBMCs in cytokine conditioned medium using a single dose of IL- 
21 followed by a combination of IL-7 and IL-15 or with the classical- 
expansion cytokine IL-2 [46–49]. So, we found differences in the use 
of moDCs-based cultures or peptide-stimulated PBMCs for the expansion 
of antigen-specific CD8+ T cells at least for the two model antigens 
tested (Melan-A/Mart-1 and CMV pp65). It is not surprising the Melan- 
A/Mart-1 CD8+ T cell expansion from PBMCs because the number of 
naïve circulating Melan-A/Mart-126-35A27L-specific CD8+ T cells from 
HLA-A2 healthy donors are 100x higher than for any other antigen 
[50,51]; so it is feasible that the low number of natural DCs and other 
APCs (like B cells) present in PBMCs are able to expand antigen-specific 
CD8+ T cells for the Melan-A/Mart-1 epitope in peptide-pulsed PBMCs 
cultures. Notably, whereas the use of IL-21 for the first 72 h of the cul
ture of antigen-pulsed PBMCs fosters a vigorous expansion of Melan-A/ 
Mart-1 T cells, it did not promote the expansion of antigen-tested T cells 

specific for CMV pp65. This result contrasts with the large expansions of 
these cells obtained by other researchers using only IL-7 and IL-15 [48]. 
To confirm our hypothesis that within the PBMCs, IL-21 prime more 
efficiently naïve T cells than memory T cells, it will be necessary to carry 
out work assessing the priming capacity of IL-21 on naïve CD8+ T cells 
specific for less frequent antigens such as tumor neoantigens. It is also 
important to investigate the effect of Th cells in the process of activation 
and differentiation of the CD8+ T cells. Several studies have shown that 
secretion of IL-2 and IL-21 by Th cells and the cell to cell contact with the 
naïve CD8+ T cells increases the expansion of antigen-specific CD8+ T 
cells compared to cultures without the helper stimulus. Although the use 
of exogenous IL-2 and IL-21 in culture media may favor the expansion of 
antigen-specific CD8+ T cells, the absence of CD4 + T cells slows down 
the upward regulation of the IL-21 receptor, so that the substitution of 
this cytokine actually has a limited effect [52]. Moreover, the generation 

Fig. 7. IL-21, IL-7, and IL-15 drive expansion of antigen-specific CD8þ T cells with early-differentiated phenotype from peptide-stimulated PBMCs. 
Expression analysis of CD45RA and CCR7 markers in tetramer-positive CD8+ T cells after 10 days of Melan-A/Mart-126-35A27L (a) and CMV pp65495-503 (b) -peptide- 
stimulated PBMCs (donors 2 – 6). Scatter plots (left panel) and dot plots (right panel) show the percentage of tetramer-positive CD8+ T cells between the different 
memory T cells subsets (TN, TCM, TEM and TEMRA) of tetramer specific CD8+ T cells. The number inside the plots represents the percentage of positive or negative 
markers CD45RA and CCR7 on tetramer-positive CD8+ T cells. Results of experiments presented in the right panel are representative of five performed; c) Expression 
analysis of CD45RA and CCR7 markers in tetramer-positive CD8+ T cells after 10 days of Melan-A/Mart-126-35A27L peptide-stimulated PBMCs (donors 1–3) in the 
presence of IL-21 + IL-7 + 15 (left panel) or IL-21 + IL-2 (right panel); d) Comparison of the percentage of TSCM (CD45RA+ CCR7+ CXCR3+ ) subset in tetramer- 
positive CD8+ T cells (Melan-A epitope) between two different cytokine conditions; e) Memory markers expression in tetramer-positive CD8+ T cells after 10 days of 
enriched-CD8+ T cells (donors 1 – 4) expansion with α1DCs and stDCs pulsed with Melan-A/Mart-126-35A27L peptide (left panel) or CMV pp65495-503 peptide (right 
panel); f) Representative dot plot of memory markers in tetramer specific CD8+ T cells showed in panel e. 
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and programming of memory in CD8+ T cells relies on helper signals 
released by CD4 + lymphocytes during CD8 + priming [53]. These 
signals are transmitted via resident lymph node to cDC1s that are 
conditioned by CD4 + T cells to release cytokines (IL-12, IL-15) and co- 
stimulatory signals (CD80, CD86, CD70) that orchestrate the differen
tiation of naïve CD8 + precursors and their effector capacity [54]. It is 
important to clarify that these studies have demonstrated that helper 
signal from CD4 + T cells favors a differentiation program to TEM phe
notypes with effector capacities on the CD8+ T cells; but also, activates 
an intrinsic helper gene expression program to face a second antigenic 
challenge in absence of external helper signals. 

In 2011, Gattinoni and colleagues described a new subset of T cells 
called stem cell-like memory T cells (TSCM) identifiable by the presence 
of both naïve and memory surface markers [9,14]. Replication and 
renewal capacity of these early-differentiated T cells makes them an 
excellent candidate to be the basis of long-term immune memory cells 
suitable for ACTs. Further studies indicate that the use of IL-7, IL-15, and 
IL-21 (alone or in combination) in the culture media promotes the 
expansion of this early-differentiated T cells and decreases Tregs subsets 
generation in contrast to IL-2 [55]. Our results confirmed that the use of 
IL-21, IL-7, and IL-15 in peptide-stimulated PBMCs cultures promotes 
the expansion of antigen-specific CD8+ T cells with an early- 
differentiated phenotype (TN, TSCM and TCM); in contrast to the 

effector memory phenotype induced by IL-2. Nevertheless, we did not 
find the same effect of IL-7 and IL-15 in peptide-pulsed moDCs cultures 
where the CD8+ T cells expanded have a predominant TEM phenotype. 
This suggests that moDCs may interfere with the ability of common 
gamma chain cytokines to drive CD8+ T cell expansion with an early- 
differentiated phenotype. We propose two hypotheses (not mutually 
exclusive) to explain these findings: (i) the cytokines secreted by moDCs 
interfere with the ability of IL-21 to retain a naïve phenotype and induce 
rapid differentiation which cannot be reversed later with the addition of 
IL-7 and IL-15; and/or (ii) antigenic stimulus mediated by immune 
synapse between moDCs and T cells through the signaling by MHC-p/ 
TCR complex and costimulatory molecules, are strong and long-lasting 
signals, that hence, fosters a more differentiated phenotype. 

Finally, we evaluated the expression of the inhibitory receptors 
CTLA-4, PD-1, and KLRG-1. They are essential for central and peripheral 
tolerance and are responsible for the regulation of the inflammatory 
response on Melan A/Mart 126-35A27L-specific CD8+ T cells [56]. High 
expression of these markers in T cells was initially described in the 
context of chronic viral infections, where antigen-experienced T cells 
were unable to eliminate infected-host cells by latent viruses such as 
CMV and EBV; however, several studies have found tumor-infiltrating 
lymphocyte subsets with this exhausted phenotype. It is believed that 
under the persistence of the antigen in chronic viral infections and in 

Fig. 8. Multiparametric evaluation of the 
expression profile of inhibitory receptors in 
antigen-specific CD8þ T cells. Boolean analysis 
of the expression of the inhibitory receptors CTLA- 
4, KLRG-1, and PD-1 on TN, TCM, TEM, and TEMRA 
subsets after 10 days of enriched-CD8+ T cells 
expansion with α1DCs or stDCs pulsed with Melan- 
A/Mart-126-35A27L peptide. Box and whisker plot 
show the percentage of total CD8+ T cells and 
tetramer-positive CD8+ T cells in each combina
tion marker profile.   
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growing tumors, mechanisms that regulate the high expression of 
inhibitory receptors that induces a progressive loss of proliferation and 
effector functions in T cells are activated. This exhaustion phenomenon 
is currently considered both a physiological mechanism that limits 
immunopathology during chronic viral infections but also as one of the 
major obstacles in the anti-tumor response [57]. 

CTLA-4 is located in intracellular vesicles and is transiently 
expressed at the immune synapse after activation by DCs before being 
rapidly internalized. We are not surprised by the null expression levels of 
this marker in the T cells expanded concerning these cells received the 
activation stimulus 10 days before cytometry analysis; furthermore, it 
should be noted that our analyses are based on CTLA-4 surface staining 
and not on permeabilized cells, which may be a limitation to be 
considered in future studies. PD-1 is involved in inhibitory immune 
signaling and plays a crucial role in the regulation of the adaptive im
mune response. Most circulating T cells do not express PD-1 but TCR- 
mediated activation or some cytokines like IL-7, IL-15, and IL-21 (all 
of which were used in our work) can induce PD-1 expression; further
more, IFNγ (used in α1DCs) is known to be the main inducer of PD-L1 
(one of the PD-1 ligands) in APCs [58]. Although our research encom
passes these two circumstances: the presence of IL-7, IL-15, and IL-21 
and the predisposition of α1DCs to express higher levels of PD-L1, 
both CD8+ T cells and multimer positive CD8+ T cells showed low 
levels of this inhibitory receptor. 

Unlike PD-1 and CTLA-4, the KLRG-1 co-inhibitory receptor is only 
expressed on NK and antigen-experienced T cells with late-differentiated 
phenotypes and not in TCM or TN subsets [59]. Some studies have sug
gested that KLRG-1 is a marker of cell senescence because it was found in 
T cells with poor proliferative capacity after stimulation and in T cells 
during chronic viral infections and in tumor infiltrating lymphocytes 
[60,61]. However, a recent study observed that the use of allogeneic DCs 
induces the expansion of KLRG-1+ CD8+ T cells with superior antitumor 
activity compared to KLRG-1 negative cells, because KLRG-1+ CD8 +
cells activated by an allogeneic stimulus have a high non-specific anti
gen effector capacity similar to NK cells [62]. 

The data obtained allow us to establish that protocols with peptide- 
pulsed moDCs are as efficient as the peptide-stimulated PBMCs based 
cultures in the expansion capacity of antigen-specific CD8+ T cells for 
the model antigens Melan-A/Mart-126-35A27L and CMV pp65495-503. The 
use of IL-21, IL-7, and IL-15 supplemented media promoted the expan
sion of antigen-specific CD8+ T cells with an early-differentiated 
phenotype (TSCM and TCM) from peptide-stimulated PBMCs but not 
when peptide-pulsed moDCs were used as APCs to stimulate enriched 
CD8+ T cells. It is possible that the use of naïve cells as starting cells 
could overcome this obstacle; however, the high number of PBMCs and 
the high economic costs to obtain naïve-enriched fractions would still be 
a limitation. We further confirmed that α1DCs are superior to stDCs in 
the activation and expansion of antigen-specific CD8+ T cells in media 
supplemented with IL-21, IL-7, and IL-15. These cells displayed a 
CD45RA- CCR7- CTLA-4- PD-1- KRLG-1- phenotype, that is predomi
nantly antigen experienced effector memory cells with low expression 
levels of inhibitory co-receptors. Further studies are necessary to clarify 
the following issues derived from these results: (i) the role of helper 
signals from CD4 + T cells in the expansion capacity and memory dif
ferentiation process of CD8+ T cells; (ii) the potential advantage of 
stDCs over α1DCs in the expansion of antigen-specific CD8+ T cell with 
TSCM phenotype; and (iii) why moDCs promote the expansion of CD8+ T 
cells with a TEM phenotype instead TSCM or TCM despite the use of IL-21, 
IL-7, and IL-15. 
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[40] P. Kaliński P.L. Vieira J.H.N. Schuitemaker E.C. de Jong M.L. Kapsenberg 
Prostaglandin E2 is a selective inducer of interleukin-12 p40 (IL-12p40) production 
and an inhibitor of bioactive IL-12p70 heterodimer 97 11 2001 3466 3469 
10.1182/blood.V97.11.3466. 

[41] D.Y. Li, C. Gu, J. Min, Z.H. Chu, Q.J. Ou, Maturation induction of human peripheral 
blood mononuclear cell-derived dendritic cells, Exp. Ther. Med. 4 (2012) 131–134. 
https://doi.org/10.3892/etm.2012.565. 
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